The paper gives the results of refractive indexes for three plastic materials: polyethylene, polymethyl methacrylate and poly− vinyl chloride, which are measured and compared in two arrangements -a CW THz photomixer and a pulsed THz spectro− meter.
Introduction
In contemporary technique, plastics play an important role as building materials and not only. In some cases they can be useful for development of radio technique system com− ponents. Plastic materials are commonly used in radio tech− nique devices as sheets, envelopes, windows, knobs and many miscellaneous. Recently, widely opened terahertz market shows usefulness of plastics in terahertz arrange− ments [1] . One of the example of the terahertz plastic mate− rials are lenses [2, 3] or windows [4] transparent for terahertz radiation, cheap and easy to process. Some specific investi− gations need non active diluents as fillers. A good example is a high−density polyethylene powder which can be used as a tablet filler for terahertz spectroscopic investigations [5, 6] . Small quantities of some difficult to produce substances require special small cells for measurements in terahertz band. Plastic materials can be easily used to assemble small enough cells with plastic spacers [7] . Our investigations were aimed at measurements of the refractive index which is a basic material parameter important in terahertz applica− tions. The materials can be investigated in the terahertz band in a CW and a pulsed operation modes, as well. In the expe− riment we compared three commonly used plastic materials: polyethylene, polymethyl methacrylate and polyvinyl chloride.
Arrangements
Two experimental arrangements were used for refractive index investigations. We consider a photomixer setup with a laser heterodyne source for CW measurements and a pulsed THz system with a mode−locked femtosecond fibre laser. Both systems use almost the same optical arrange− ment (there is no optical delay line in a CW system). The same pair of the LT−GaAs photoconductive antennas as a transmitter Tx and a receiver Rx (see Fig. 1 ) is applied in both systems [8] . Two 150−mW DFB 850−nm diodes were used in the CW system. The diodes were substituted in the pulsed system with a 80−fs 500−mW fibre 780−nm laser.
Continuous wave operation
Continuous wave operation can be easily obtained with a terahertz photomixer -see Fig 1. It consists of two main optical arms: a pumping beam (a distance from a cubic beam splitter BS to a transmitting antenna Tx plus a tera− hertz part from Tx to a receiving antenna Rx), and a probing beam (a distance from a cubic beam splitter BS, via mirrors arrangement to a receiving antenna Rx) [9] . The signal trave− ling along the pumping arm excites carriers at the LT−GaAs photoconductive antenna. A DC bias voltage applied to the antenna makes carriers to create a periodical current of the beat frequency of the laser diode heterodyne LH, which is the source of an electromagnetic wave. The terahertz wave induces a voltage at the receiving antenna Rx. At the same time the laser probing beam traveling along a second arm excites the carries at the Rx antenna in the same way as at the Tx antenna. The carriers act as an optical switch, which closes the receiver circuit and in that way a current at the antenna Rx can be measured. In that way a coherent homo− dyne detection idea is satisfied. In our method of investiga− tions unbalanced arms were arranged in the photomixer. The method allows to achieve an average value of the refractive index along the photomixer bandwidth without using any optical delay line [10] . When the frequency of one of the laser diodes is smoothly tuned with a sampling frequency f p , the signal in Fig. 2 is obtained. A result of the application of the FFT to the periodical signal is shown in Fig. 3 .
Then, the refractive index can be described as follows
where: d sample is the sample thickness, n 0 is the refractive index of air, l sample is the optical path difference of the photo− mixer's arms with a sample, l reference is the optical path difference of the photo− mixer's arms without a sample.
It is also necessary to emphasize that an optical path dif− ference of the photomixer's arms (with a sample l sample or without a sample l reference ) cannot be arbitrary. It is due to a sampling frequency problem, which occurs in a numerical method of calculations. Taking into account a photomixer's bandwidth f THz max , it is possible to derive a formula describ− ing the limitation of the optical path difference of the pho− tomixer's arms [10] c f l c f THz reference or sample p max
For the maximum photomixer's bandwidth f THz max = 750
GHz, and the sampling frequency f p GHz = 0 25 . in our experimental conditions, the limitation for the optical path difference is 0 04 60 . cm cm reference or saple
It is easily satisfied in most laboratory conditions. As seen, in practice it is enough to consider a top limitation. Taking into account l c f
Pulsed operation
A classical time domain spectroscopy setup (see Fig. 4 ) was applied for pulsed investigations of the plastic materials [11] . The arrangement differs from the photomixer setup described above with the femtosecond pulsed fibre laser FPL being used instead of the laser diode heterodyne, and the delay line DL is applied. The physical phenomena are also different what implies different mathematical calcula− tions. In the setup short optical 80−fs pulses with repetition rate of 80 MHz from the mode−locked fibre laser are used to irradiate the LT−GaAs photoconductive transmitting anten− na Tx. The detector is triggered by gate pulses emitted by the same pulsed laser. The gate signal is delayed and next it is used for THz waveform scanning at the receiving antenna Rx. Short femtosecond pulses are broadband in a terahertz frequency domain, so the terahertz region can be investi− gated in one scan of the delay line. The time domain signal is measured by the detector. The FFT algorithm is used to extract the spectral information from time domain signal. In this method the refractive index is defined as a function of the terahertz frequency according to the expression [12] n f c f f
where: f sample ( ) f is the phase of the terahertz field with a sample, f reference ( ) f is the phase of the terahertz field without any sample. In both systems, CW and pulsed one, all optical arrange− ment (flat mirrors FM, parabolic off−axis mirrors PM, cubic beam splitter BS -see Figs. 1 and 3) was the same. The optical delay line is added to the pulsed system.
Results
In both arrangements, CW and pulsed one, we measured three plastic materials: polyethylene, polymethyl methacry− late and polyvinyl chloride. The samples we prepared in the shape of small tablets of 13 mm in diameter and 9.95−mm thick for polyethylene, 3.88−mm thick for polymethyl methacrylate, and 1.95−mm thick for polyvinyl chloride. The results of measurements in a CW regime (in the photo− mixer setup) are presented in Fig. 5 . For comparison, both results without the sample and with the sample are shown for all three investigated materials.
The optical path difference l sample of the photomixer's arms with the sample and the optical path difference l reference without the sample as a reference (see Fig. 5 ) are given in Table 1 . The data in the table are a base for calcula− tions of the refractive index according to Eq. (1) . The values of the refractive index for all samples are averaged along the band of the photomixer, which means from 0.1 THz to 0.75 THz.
Results of the measurements of the same samples as above in the pulsed THz arrangement are presented in Fig. 6 . The results are also averaged in the similar rangefrom 0.2 THz to 0.75 THz. The pulsed system band was shortened a bit in comparison to the CW system band because a signal−to−noise ratio in our pulsed system below Opto−Electron. Rev., 20, no. 4, 2012 P.P. Jarzab 0.2 THz was too low. As seen in Table 2 , where data for the CW and pulsed systems are collected, the results are comparable. The results for PMMA found in literature dif− fers from our results. It is caused by a variety of manu− factured materials.
Conclusions
Refractive indexes for three plastic materials: polyethylene, polymethyl methacrylate and polyvinyl chloride are mea− sured and compared in two arrangements -a CW THz photomixer and a pulsed THz spectrometer. The values are comparable when the results obtained in both cases are averaged along the bandwidth of the CW and pulsed setups. The result for polymethyl methacrylate differs a bit due to inhomogeneity of the sample used. In order to compare the results, the bandwidth of the THz spectrometer is reduced to the CW system bandwidth (0.2 THz to 0.75 THz), although our pulsed system allows to get a spectrum of the refractive index along the bandwidth of the THz spectrometer in all available bandwidth (0.2 THz to 2 THz). The shift of the bandwidth of the CW photomixer to higher frequencies is possible by using two different laser diodes with shifted central frequencies [15] . Continuous results of the refractive index along the bandwidth of the photomixer are possible to be obtained as well, but the measurements are extremely arduous. It is necessary to measure a distance in frequency from a crest to a crest of the quasi−sinusoidal signal shown in Fig. 2 , and to compare it to the distance in frequency obtained for the setup with a sample. The measurements should be performed along all the bandwidth of the pho− tomixer to obtain a continuous spectrum of the refractive index [13, 14, 16] . The same result is possible to obtain much easier in a pulsed system. On the other hand, the CW system that we used for the investigations does not need any optical delay line -a mobile mechanical element with a control electronic system. In conclusion, we can say, that a CW THz photomixer is a simpler and cheaper system, which ensures correct measurements of the refractive index, but in a rather short bandwidth. In paper we show the method which gives only an average value of the refractive index along an available bandwidth for CW regime. The spectrum of the refractive index along a possible accessible band− width is easy to perform in a pulsed THz spectrometer. Both CW and pulsed solutions have many advantages, but they should be optimally applied. The pulsed system gives useful information that is not available in the CW system, but sometimes they are difficult to interpret. In such a case the simplicity of the CW system indicates a reasonable choice. However, the flexibility of the pulsed system, where all information is obtained with one measurement, is also worth to consider.
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